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doi: 10.1016/j.bpj.2011.02.034Numerous optical methods have been developed to interro-
gate the molecular organization and dynamics of mem-
brane-mediated protein assemblies and signaling on cell
surfaces (1). Techniques such as fluorescence recovery after
photobleaching, single-particle tracking, and fluorescence
correlation spectroscopy (FCS), each with distinct advan-
tages and limitations, have been applied to membranes (2).
However, all of these techniques traditionally suffer from
diffraction-limited resolution for deciphering nanoscale
dynamics and organization.
Previous attempts to improve the resolution of FCS have
incorporated probes from near-field scanning optical micros-
copy (NSOM) (3,4), hollow nanoscale apertures, commonly
referred to as zero-mode waveguides (ZMWs) (5,6), or stim-
ulated emission depletion microscopy (7) to achieve smaller
illumination volumes. Stimulated emission depletion mi-
croscopy incorporates synchronized pulsed lasers to selec-
tively deplete surrounding fluorophores of a resulting
super-resolution spot and has been applied successfully to
study diffusion on membranes. NSOM and ZMWs both
employ nanofabricated metals to focus the excitation light
smaller than the conventional limit of far-field optics. The
excitation light for NSOM is supplied through the tapered
scanning probe and the near-field emanating from the scan-
ning probe has a sharp dependence on its distance from the
sample (4). This gives NSOM the advantage of achieving
small illumination volumes, but comes with the challenge
of maintaining consistent illumination over time on soft
samples (e.g., live cells). ZMWs require the fluorophores to
enter into the hollow metallic aperture for epifluoresence
illumination and have been applied to studymembrane diffu-
sion. However, by requiring the membrane to enter into the
ZMW, curvature is induced on the membrane and the diffu-
sion of membrane-bound molecules may be affected.
To overcome these limitations, we have developed a pla-
narized array of apertures in a metallic film for near-fieldFCS (Fig. 1) and refer to these devices as planarized apertures
for near-field optical microscopy (PANOMs). PANOMs
achieve sub-diffraction-limited illumination by confining
the transmitted illumination light into the nanoscale aperture
rather than relying on far-field optics. In this manuscript, we
report the fabrication of PANOMs and demonstrate their
advantages for near-field FCS.Wemeasure the characteristic
diffusion times ofmembrane-boundfluorescent lipids in both
supported lipid bilayers (SLBs) and live cells for both
confocal and near-field FCS. We find that near-field FCS
with PANOMs provides a 14-fold reduction in the illumi-
nated area of the membrane as compared to confocal illumi-
nation, and that this novel method has particular advantages
over other super-resolution methods.
PANOMs were fabricated on a fused silica wafer. Pillars
of photoresist 90 nm in diameter were patterned by electron-
beam lithography. The photoresist pillars masked the fused
silica during a CF4 etch. The photoresist was stripped and
the pillars of fused silica were etched with buffered
hydrofluoric acid to yield fused silica pillars as small as
20 nm diameter. The wafer was then uniformly coated
with 200 nm of sputtered Al alloy, Al95%Cu4%Si1%, and pla-
narized with chemical mechanical polishing to remove
100 nm of the Al and expose the pillars of fused silica.
The final surface of the Al film had a RMS roughness of
1.2 nm and negligible height differences between the fused
silica pillars and the surrounding Al film. The resulting
structure is similar to ZMWs, where a nanoscale aperture
is formed by 100-nm-thick metal film cladding. However,
the waveguide core for PANOMs is filled with fused silica
rather than hollow ZMWs. SiO2 (10 nm) was deposited on
FIGURE 1 Transillumination though a nanoscale aperture
provides near-field excitation of membrane-bound fluorophores
for FCS, based on finite element analysis computations. An
array of 50-nm-diameter SiO2-filled apertures in a 100-nm-thick
Al film is coated with 10 nm SiO2. Transmission through each
aperture illuminates a nanoscale region of the membrane;
u0 ¼ 50 nm within 20 nm vertically from the aperture.
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ensure biological compatibility. The devices were examined
with atomic force microscopy and scanning electron
microscopy (SEM) before atomic layer deposition was per-
formed (Fig. 2). The sputtered Al alloy film yielded more
conformal coating of the fused silica pillars and fewer
pinholes than did an evaporated Al film, despite the metallic
grains in the Al alloy film. As expected, waveguides with
narrow diameter transmit less light. For this study, we
demonstrate proof-of-principle FCS experiments with
waveguides of 505 4 nm diameter, as measured by SEM.
A two-objective, transillumination microscope was devel-
oped for near-field FCS with PANOMs (Fig. 1). Only fluoro-
phores that are in close proximity to the aperture absorb the
excitation light, with wavelength lex, and emit at longer
wavelengths (lem). In this study, the fluorophoresAlexaFluor
488 and Bodipy were used (lex ¼ 488 nm, lem ¼ 510–
560 nm). Typically, 0.5 mWof excitation light was incidentFIGURE 2 Scanning electron micrograph of PANOMs 50 5
4 nm in diameter. The four fused silica apertures are indicated
by white arrows and are surrounded by the Al alloy film, which
has noticeable metallic grain structure.on the underside of a PANOM, yielding a peak excitation
intensity of 1 kW/cm2 on the membrane, and 10 kcounts/s/
fluorophore of collected emission. The emission was
collected by a top immersion objective (NA 1.0), chromati-
cally filtered (HQ535/50, ChromaTechnology, Rockingham,
VT), directed to an avalanche photodiode, and correlated
by high-resolution multiple t correlator (Flex02-12D,
Correlator.com). The top objective was necessary to collect
the emission, because requiring the photons to transmit
back through the aperture for collection by the bottom objec-
tive would have resulted in drastic reduction of the collected
emission. As shown in Fig. 3, the resulting autocorrelations
were fit according to the expected functional form for 2D
diffusion from a Gaussian illumination profile, accounting
for the possibility of anomalous diffusion (7,8),
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where N is the average number of fluorescent molecules
excited, tD is the characteristic diffusion time, a is the degree
of anomaly, and FB is the fraction of fluorophores that enter
a dark state before diffusing out of the illumination spot
with time constant tB. The key fitting parameter used to
compare the diffusion with confocal or near-field excitation
is tD. Smaller values of tD indicate a smaller region of the
membrane illuminated, according to u0
2 ¼ 4DtD. u0 is the
beam waist and D is the fluorophore diffusion constant.
Membrane samples incorporating a fluorescently labeled
glycolipid, GM1-Bodipy, were prepared according to stan-
dard techniques on a coverslip of PANOMs or on bare glass
(5,9). We selected the ganglioside GM1 as a common
membrane marker often associated with ordered lipid
regions (1). SLBs were formed through vesicle fusion of
small unilaminar vesicles of 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL)
and 0.02% GM1-Bodipy (Invitrogen, Carlsbad, CA). TheFIGURE 3 Normalized autocorrelation data from FCS of
GM1-Bodipy diffusion on biological membranes. Comparisons
of FCS data and fit for live rat basophilic leukemia 2H3 cells
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine SLBs
are shown for illumination areas determined by confocal, far-
field optics and PANOMs. Error bars are the error of the mean
from sequential 30-s measurements.
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bated overnight on the substrate. Cells were incubated with
5 mg/mL GM1-Bodipy for 30 min at 37
C and rinsed thor-
oughly with buffered saline solution for imaging. All
imaging was performed at 22C.
The confocal setup incorporated epifluoresence through
a 60 water-immersion objective (NA 1.2) with an incident
excitation laser beam expanded to overfill the back aperture
of the objective. Calibration of the confocal FCS setup was
performed by measuring the 3D diffusion of dUTP conju-
gated to Alexa Fluor 488 (dUTP-A488, Invitrogen). The
diffusion constant of dUTP-A488 is known to be 210 mm2/s
(10). By fitting the FCS data to the expected 3D autocorrela-
tion function (10), we measured tD ¼ 44 ms for dUTP-A488
and calculated u0 ¼ 190 nm for confocal illumination.
The calibrated confocal setup was used to measure the
diffusion constants of GM1-Bodipy on SLBs and live cells
(Fig. 3). Confocal FCS was performed and analyzed varying
the distance between the focal plane of the objective and the
membrane to ensure the proper focus was achieved for the
reported results (i.e., z-scan FCS). The measured diffusion
times for GM1-Bodipy on live cells and SLBs are tD¼ 465
3 and 4.65 0.2 ms, respectively. The diffusion constants for
GM1-Bodipy on live cells and SLBs are correspondingly
calculated as 0.20 5 0.01 and 2.0 5 0.1 mm2/s, respec-
tively, in agreement with previously reported values (11).
The tD values of GM1-Bodipy on SLBs and live cells were
measured when illuminated with PANOMs as 1.95 0.2 and
0.325 0.03 ms, respectively. These characteristic diffusion
times are 24-fold and 14-fold faster than those observed for
far-field FCS (Fig. 3). The difference may be greater for
live cells than for SLBs because of length-scale-dependent
diffusion rates for complex cellular membranes (7,8,12).
Analysis of diffusion half-times (t1/2), for which G(t1/2) ¼
0.5, reveals a 14-fold decrease in t1/2 for both live cells and
SLBs. The fit values ofa vary from0.6 to 1,with lower values
occurring with near-field illumination and indicating more
anomalous diffusion. Anomaly may be more present during
illumination through PANOMs due to nanoscale non-Brow-
nian diffusion of the membrane-bound fluorophores or nano-
scale variations in vertical distance between the membrane
and the aperture. The use of PANOMs of varying diameters
to explore diffusion at differing length scales is an ongoing
focus of our research and should clarify these observations.
For SLBs, the diffusion constant is expected to be constant
at varying length scales. In this case differences in tD can be
used to estimate corresponding differences in the illumina-
tion area. The 14-fold shorter tD for SLBs reflects a 14-fold
smaller illumination area with confocal versus PANOM
illumination, 0.11 versus 0.0076 mm2. From this, PANOMs
produce a membrane illumination u0 ¼ 505 2 nm, consis-
tent with the SEM-determined diameter for these apertures,
50 5 4 nm. The resolution (R) provided by PANOMs
is the full width at half-maximum of the illumination;
R ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2ln 2p u0 ¼ 60 nm.
Biophysical Journal 100(7) L34–L36In summary,wedemonstrated the fabricationandutilization
of PANOMs for near-field FCS. We fabricated millions of
PANOMs/coverslip in a defined array that will allow system-
atic examinationof cellularmembranes at numerous locations.
We showed that PANOMs provide 60 nm and 1 ms resolution
of membranes without incorporating a scanning probe, pulsed
lasers, or membrane perturbations. PANOMs work equally
well to illuminate sub-diffraction-limited regions of SLBs
and live cell membranes. Compared to confocal illumination,
PANOMs provide a 14-fold decrease in illumination area,
increased capacity to observe single-molecule resolution at
high concentrations, andminimized excitation of out-of-focus
fluorophores.We conclude that PANOMsprovide sub-diffrac-
tion-limited resolution of dynamic membrane structures with
some significant advantages over other approaches.ACKNOWLEDGMENTS
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